Background: The anterior-medial thalamus (AMT), which is associated with memory processing, is severely affected by Alzheimer's disease pathology and, when damaged, can be the sole cause of dementia. Objective: To assess the frequency of magnetic resonance imaging (MRI) hyperintensities affecting the AMT, and their relationship with sudden cognitive decline. Methods: 205 consecutive participants from a university cognitive neurology clinic underwent clinical evaluation, neuropsychological testing and quantitative MRI. Results: AMT hyperintensities .5 mm 3 occurred in 0 of 34 normal controls but were found in 5 of 30 (17%) participants with cognitive impairment with no dementia (CIND), 9 of 109 (8%) patients with probable Alzheimer's disease, 7 of 17 (41%) with mixed disease and 8 of 15 (53%) with probable vascular dementia (VaD). AMT hyperintensities occurred more often in participants with stepwise decline than in those with slow progression (x 2 = 31.7; p,0.001). Of the 29 people with AMT hyperintensities, those with slow progression had smaller medial temporal width (p,0.001) and smaller anterior-medial thalamic hyperintensities (p,0.001). In a logistic regression model, both variables were significant, and the pattern of decline was correctly classified in 86% of the sample (Cox and Snell R 2 = 0.56; p,0.001). Those with AMT hyperintensities .55 mm 3 were likely to have stepwise decline in cognitive function regardless of medial temporal lobe width; in contrast, those with smaller AMT hyperintensities showed a stepwise decline only in the absence of medial temporal lobe atrophy. All patients with VaD had left-sided AMT hyperintensities, whereas those with CIND had right-sided AMT hyperintensities. Conclusions: AMT hyperintensities .55 mm 3 probably result in symptomatic decline, whereas smaller lesions may go unrecognised by clinicians and radiologists. Only half of those with AMT hyperintensities had diagnoses of VaD or mixed disease; the other AMT hyperintensities occurred in patients diagnosed with Alzheimer's disease or CIND. These silent hyperintensities may nevertheless contribute to cognitive dysfunction. AMT hyperintensities may represent a major and under-recognised contributor to cognitive impairment.
D
ementia caused solely by cerebrovascular disease is rare. In a large memory clinic autopsy series of over 1900 people with dementia, only six had infarcts without any Alzheimer's disease neuropathology, 1 and all six people had infarctions affecting at least one of three key areas: the thalamus, the medial temporal lobe and the frontal cortex. 1 Although the medial temporal lobe has long been appreciated as a site of strategic importance for dementia, the involvement of the thalamus is less frequently assessed. The anterior nucleus of the thalamus is part of a cortical network, including the hippocampus, anterior cingulate and mamillary bodies, which mediates memory processing. [2] [3] [4] [5] Infarcts to the anterior and dorsomedial thalamus are associated with memory impairment in animal studies, 6 human case reports [7] [8] [9] [10] or series. 1 11-14 One indication that thalamic infarcts may be important in dementia populations comes from the Nun Study, which found that people with infarcts to the basal ganglia, thalamus and deep white matter exhibited dementia with less Alzheimer's disease neuropathology than in those without infarcts. 15 Despite this finding, and despite the appreciated role of anterior-medial thalamic (AMT) infarcts in causing isolated cases of amnesia or dementia in stroke populations, 11-13 16 the frequency and consequences of thalamic lesions in a large sample of people with cognitive impairment have not been evaluated. In this study, we quantified hyperintensities on magnetic resonance images (MRI) in the anterior-medial thalamus in a cognitive neurology clinic sample. We determined the frequency and volumes of thalamic hyperintensities and whether these hyperintensities were associated with sudden changes in cognitive status defined by clinical history.
MATERIALS AND METHODS

Participants
Participants consisted of consecutive eligible patients from the Sunnybrook Cognitive Neurology Clinic, University of Toronto, Toronto, Canada, as well as community volunteers. All patients underwent a standard neurological examination and routine biochemical screening, and all participants underwent cognitive testing and MRI. Participants were excluded if the MRI and neuropsychological testing were separated by .10 weeks, or if magnetic resonance scans were technically inadequate for volumetric analysis. Participants had to be fluent in English to be included. Despite the more Abbreviations: AMT, anterior-medial thalamus; CIND, cognitive impairment, no dementia; CVD, cerebrovascular disease; MRI, magnetic resonance imaging; MTLW, medial temporal lobe width; VaD, vascular dementia common incidence of vascular disease in older people, there are many case studies of young people with cognitive impairment after thalamic strokes. Therefore, young age was not an exclusion criterion. Participants ranged in age from 37 to 89 years. Normal controls were communitydwelling people between 43 and 82 years old, who had to be free of both subjective and objective cognitive impairment. Possible secondary causes of dementia (other than vascular disease) and concomitant neurological or psychiatric illnesses were exclusionary for both controls and patients. In addition to clinical assessment, the Geriatric Depression Scale and a behavioural questionnaire (the Disability Assessment for Dementia), two commonly used screens in dementia populations, were applied to rule out concomitant exclusionary illnesses.
Dementia was defined using Diagnostic Statistical Manual for Mental Disorders-fourth edition criteria. 17 Participants not meeting the criteria for dementia, but with subjective and objective impairment in cognitive function, were considered ''cognitively impaired, no dementia'' (CIND). 18 This category therefore included participants with vascular cognitive impairment who did not meet the Diagnostic Manual for Mental Disorders criteria for dementia, as well as participants with amnestic-type mild cognitive impairment or with multidomain, but mild, cognitive impairment. Those with dementia were diagnosed with probable vascular dementia (VaD) if they satisfied the NINDS-AIREN criteria, 19 20 The protocol was reviewed and approved by the institutional research ethics board, and written informed consent was obtained from all participants or their legal guardians.
Demographic information (table 1) was collected on all participants, including sex, age at time of magnetic resonance scan and duration of cognitive impairment. The Mini-Mental State Examination 21 was used to briefly assess global cognitive function. Information on the pattern of onset or progression of cognitive impairment was collected via patient and family histories. The pattern of cognitive decline in each participant was categorised as either slowly progressive or stepwise. To be considered a ''stepwise'' decline, a clear history of sudden onset or decline in functional and cognitive abilities, temporally related to other neurological deficits or to MRI evidence of strokes in the appropriate anatomical location, was required. Two types of stepwise decline were identified: (1) a sudden onset of cognitive decline, temporally related to a new stroke event (required for the diagnosis of VaD and also seen in patients with CIND from vascular causes) and (2) a sudden decline in cognitive or functional abilities in participants with pre-existing cognitive decline (in patients with pre-existing probable Alzheimer's disease, VaD or CIND in whom a new stroke occurred).
Magnetic resonance imaging All brain images were acquired using a 1.5-T Signa MR imager (GE Medical Systems, Milwaukee, Wisconsin, USA). A 12-min, standard interleaved spin-echo acquisition was carried out in the axial plane covering the whole brain, including the cerebellum. T2-weighted and proton densityweighted MRIs were acquired without gaps using 3-mmthick slices (TE (echo time) = 30, 80 ms; TR (repetition time) = 3000 ms, 0.5 excitations, field of view 20620 cm, matrix 2566192). In addition, a 10-min, three-dimensional, axially acquired T1-weighted MR scan (TE/TR = 5/35 ms; flip angle = 35˚; one excitation; voxel dimensions = 0.8660.8661.3; field of view = 20620 cm; matrix 2566192) was used for analysis of the medial temporal region. Images were transferred to a Sun workstation (Sun Microsystems, Mountain View, California, USA) for postprocessing protocols. Volumetric brain measures were extracted from the T2-proton density magnetic resonance images using a reliable protocol of segmentation followed by manual and automated post-processing described previously. 22 Briefly, using a standardised protocol, trained users selected ''seed'' training voxels representative of brain, cerebrospinal fluid and hyperintensities on interleaved T2-proton density images. Using a k-nearest neighbours algorithm, a fully segmented image was produced. Hyperintense voxels were further classified automatically, by direct connectivity to ventricles, as periventricular, whereas a user classified other hyperintense lesions as affecting the thalamus or basal ganglia on the basis of anatomical landmarks. 22 Intraclass correlation coefficients for all variables were .0.95 for both inter-rater and intra-rater replication studies. 22 Lesions within the anterior one third or medial one half of the thalamus were subclassified as AMT hyperintensities, and lesions in the lateral one half and posterior two thirds of the thalamus were classified as posterior-lateral thalamic hyperintensities (see fig 1 for an example of a segmented image with the raw data in a person with a large anterior-medial thalamic infarct). Lesions affecting the thalamus and the inferior genu of the internal capsule were considered as part of the AMT territory, as they affect both the anterior pole of the thalamus and disrupt the anterior thalamic peduncle, which conveys reciprocal connections between the dorsomedial nucleus and the cingulate gyrus, prefrontal and orbitofrontal cortices. Lesions disrupting these white matter pathways may have effects similar to lesions in the AMT. 2 The intraclass correlation coefficients for both intra-rater and inter-rater reliability were .0.87 for all thalamic measures.
The medial temporal lobe width (MTLW) was measured by a standardised protocol using individualised landmarks. 23 Specifically, the slice corresponding to the intercollicular sulcus was chosen, with angulation oriented parallel to the long axis of the hippocampus, as described previously. 23 The MTLW was measured at the thinnest point between the anterior and posterior borders of the mid-brain. 23 All measures were carried out in random order and blind to all demographic, clinical, neuropsychological and other quantitative imaging data.
RESULTS
Frequency of AMT hyperintensities
Small hyperintensities (high signal on T2-weighted and proton density-weighted magnetic resonance images) can occur in deep grey matter structures owing to enlarged perivascular spaces or other non-ischaemic changes. Thus, only AMT hyperintensities .5 mm 3 (four voxels) were considered. AMT hyperintensities .5 mm 3 did not occur in any of the 34 controls. In contrast, these hyperintensities were surprisingly common in our patient sample, affecting 29 of 171 (17%) people with cognitive impairment. Five of 30 (17%) participants with CIND had AMT hyperintensities. Of the 109 participants with probable Alzheimer's disease, 9 had AMT hyperintensities (8%). Seven of 17 (41%) participants with Alzheimer's disease and CVD had AMT hyperintensities. Finally, 8 of 15 (53%) participants who met the clinical criteria for probable VaD had AMT hyperintensities.
Relationship to pattern of cognitive decline
In the total sample of participants with cognitive impairment, AMT hyperintensities occurred significantly more often in participants with stepwise decline than in those with slow progression (Pearson's x 2 = 31.7; df = 1; p,0.001). Specifically, 14 of 25 (56%) people with stepwise decline had AMT hyperintensities, whereas only 15 of 146 (10%) of those with slow progression had these hyperintensities. The other 11 people with stepwise decline had large vessel strokes, affecting the medial temporal lobe, the parietotemporal association cortex or the posterior cingulate.
Within the group of 29 participants with AMT hyperintensities, there was a significant difference in both the medial temporal lobe width and the size of AMT hyperintensities between those with slow progression (n = 15) and those with a stepwise decline (n = 14) (fig 2) . Specifically, those with slow progression had smaller medial temporal lobes (average width 5.3 v 12.5 mm in the stepwise group; t = 24.92; df = 27; two-tailed p,0.001) and smaller AMT hyperintensities (intracranial capacity 0.004% v 0.015%; t = 24.08; df = 27; p,0.001). These differences were not affected by accounting for age and education in a multivariate general linear model. AMT and medial temporal lobe thickness were independent predictors of decline pattern, and correctly classified 86% of the sample (logistic regression, 22 log likelihood = 16.3; Cox and Snell R 2 = 0.56; p,0.001). Age and number of years of education did not contribute to the model. Cut-off points for both AMT lesions and medial temporal lobe width were calculated for predicting pattern of decline (see supplemental data at http://jnnp.bmjjournals.com/supplemental). Participants with AMT hyperintensities .55 mm 3 were very likely to show stepwise decline (fig 2) . Intriguingly, several participants without medial temporal lobe atrophy showed a stepwise decline, even with smaller AMT hyperintensities (fig 2, bottom right) . Figure 3 shows the receiver operating characteristic curves for both AMT hyperintensities and MTLW. Area under the curve for AMT was 0.86 and that for MTLW was 0.90.
Left-right differences among diagnostic groups
The effect of AMT hyperintensities differed by the side affected. Eight participants with VaD had AMT hyperintensities, and all were either bilateral or left-sided (for a representative example, see fig 4A and 
Under-recognition of AMT hyperintensities
Radiology reports often noted subcortical hyperintensities (called ''non-specific'', ''age appropriate'' or ''in keeping with ischaemic vasculopathy'', depending on the severity). Thalamic hyperintensities were mentioned in only 8 of the 29 people with hyperintensities .5 mm 3 . In five of the eight people with VaD and AMT hyperintensities, the lesions were noted in the report. AMT hyperintensities were reported in only 1 of 16 people with clinical diagnoses of Alzheimer's disease or Alzheimer's disease with CVD. Of the five people with CIND who had AMT hyperintensities, only two were identified by report.
DISCUSSION
AMT hyperintensities occurred more often than would be expected from the case report literature. They were found in roughly half of those with VaD or Alzheimer's disease and CVD, but were also seen in almost 10% of those with Alzheimer's disease and more than 15% of those with CIND. Indeed, 50% of AMT hyperintensities in this sample occurred in participants diagnosed with Alzheimer's disease or CIND, emphasising the heterogeneity of Alzheimer's disease. Previously, thalamic strokes have been cited as a cause of memory impairment in case reports and series. [7] [8] [9] [10] [11] [12] [13] [14] The frequency of these events has not been examined in a sample with dementia. One previous study investigated cognitive correlates of small thalamic lesions in a series of people with probable Alzheimer's disease. In that study, computed tomography scan hypodensities in the dorsomedial thalamus correlated with poorer attention and set shifting, in addition to learning and memory impairments. 24 To our knowledge, the frequency of these lesions in controls, Alzheimer's disease, VaD, mixed and cognitive impaired populations has not been evaluated.
Infarct location is a key factor in determining both the severity and trajectory of cognitive impairment. Even the relatively subtle cognitive effects of white matter changes may be related to anatomical location 25 26 ; so it is not surprising that a small number of limbic brain regions were identified in which vascular disease had sudden cognitive consequences. In this sample, the AMT region, along with the medial temporal lobe, the posterior cingulate and isocortical association areas, was affected in people with stepwise progression. These areas, and the white matter tracts that connect them (mamillothalamic tract and fornix), are commonly affected in published case studies of focal brain injury, causing a sudden onset of new cognitive impairment. [2] [3] [4] [5] Further, the same brain regions are affected early and severely by Alzheimer's disease neuropathology. [27] [28] [29] It is thus not surprising that injury to such areas would emerge as the common cause of sudden decline in cognitive function in a tertiary referral clinic sample.
AMT hyperintensities were not always related to stepwise progression. In those participants with medial temporal lobe atrophy, it was only the larger AMT lesions (.55 mm 3 ) that were associated with stepwise declines in function. However, in participants without medial temporal lobe atrophy, even smaller AMT lesions were related to stepwise declines in function. Thalamic lesions will probably have the largest effect in people with mild Alzheimer's disease pathology. One recent study has shown that thalamic and basal ganglia lacunes are related to impaired cognition in elderly people in the absence of amyloid plaques or Alzheimer's disease pathology. 30 Clinicians and radiologists may often overlook these smaller lesions. In our observational series, AMT hyperintensities were frequently not mentioned in the radiologist's report. The larger, left-sided hyperintensities in people with VaD were most likely to warrant comment. Without a clinical history of thalamic syndrome, and in the presence of global atrophy or small vessel disease, the thalamus was probably not scrutinised as a specific site of involvement; however, our results suggest that even smaller changes in the AMT may be more significant than previously appreciated.
It is possible that some of the smaller hyperintensities may be related to non-vascular changes, such as Virchow-Robin spaces, 31 and thus may have been under-appreciated. However, Virchow-Robin spaces are typically not hyperintense on proton-density images; further, as there were no hyperintensities .5 mm 3 in the controls, these are probably not simply due to ''innocent'' ageing processes such as widening perivascular spaces. Additionally, a fluid-attenuated inversion recovery magnetic resonance sequence is often used to aid differentiation between Virchow-Robin spaces and parenchymal lesions. However, T2-weighted MRI is more sensitive than fluid-attenuated inversion recovery for identifying thalamic lesions. 32 If thalamic lesions are to be sought out and identified in ageing and dementia, caution must be used to avoid relying on fluid-attenuated inversion recovery sequences.
Diffusion-weighted magnetic resonance sequences may be the most sensitive for detecting small thalamic lesions. 33 Left-sided thalamic lesions predominated in the vascular dementia sample, whereas right-sided lesions were predominant in those with cognitive impairment not meeting criteria for dementia. This highlights the problem with operational definitions of dementia, which include memory and other cognitive domains. Left thalamic lesions are more likely to affect both verbal memory and language, whereas right-sided lesions may result in more subtle memory deficits without language impairment, and thus may not ''qualify'' a person for a formal diagnosis of dementia. It is these patients who are expanding the conceptualisation of VaD towards a more inclusive consideration of ''vascular cognitive impairment''. This terminology recognises the heterogeneous effects of vascular disease across a range of cognitive domains and severity.
Our results suggest that hyperintensities in the AMT .55 mm 3 are likely to result in symptomatic decline. Smaller lesions may go unrecognised but may still be contributing to cognitive dysfunction, especially in those with minimal medial temporal lobe atrophy. Regardless of size, these structural brain changes are readily detected by standard clinical MRI, without requiring additional scanning sequences. In one large population study of ''normal'' people, even silent infarcts in the thalamus (ie, infarcts identified on MRI in people with no subjective cognitive complaints) were associated with a decline in memory performance. 34 Elderly patients without plaques or tangles have impaired cognition with silent thalamic infarcts. 30 Given that silent infarcts are more than five times as common as symptomatic infarcts, 35 36 thalamic infarcts may represent a significant and underrecognised contributor to cognitive impairment. 
